Abstract
Introduction
For many years, the phasor representation described in many electric circuit text books [1] - [4] , and generally credited to Charles Proteus Steinmetz, an electrical engineer for General Electric, has been particularly helpful for visualizing and teaching steady-state phenomena in analyzing networks with sinusoidal signals [5] . However, the method as currently used does not provide clear answers to frequently asked students" questions such as: (1) Does the definition of power given by p (t)=e(t)i(t) for a given network include the instantaneous reactive power? (2) Is it the instantaneous real power or instantaneous apparent power? (3) Does the reactive instantaneous power for single-phase AC circuits exist? If the answer is yes, what is its comprehensible definition? The most recent answers to these fundamental questions can be found in [5] - [6] and have been expanded by some colleagues in their text books [7] . Many works have been proposed for instantaneous powers formulations in non-sinusoidal networks for power compensation [8] - [13] . No attempt was made at providing clear definitions of instantaneous powers for timedomain steady-state single phase AC networks. This leads to much confusion. Furthermore, as will be demonstrated in this paper, the classical theory presents some mathematical shortcomings.
The instantaneous complex apparent power is used in this paper to derive the instantaneous active and reactive power. An attempt is made to propose a more comprehensible physical interpretation for each power component (apparent, active and reactive powers) and thus to provide clear answers to common questions that have not yet been answered. The main objectives of the paper are:
To summarize the solution procedure for a steady-state alternating-current (AC) network using fixed phasors To proposed new concepts of instantaneous active, reactive and apparent powers using the rotating or instantaneous current phasors To provide the student with a graphical interpretation of the instantaneous reactive power together with related curves for various types of load To prove the effectiveness of the proposed theory by means of comparisons of numerical simulation results as classroom activities using a Matlab/Simulink software model To further assess the effectiveness of the teaching approach with a student feedback questionnaire obtained in an Electrotechnology course with 15 participants.
Phasors in steady-state AC circuits
If the sinusoidal voltage (1) supplies an AC load (an example of an R,L load is given in Figure 1 ), this will produce a sinusoidal current given by (2) as the solution of the Kirchhoff mesh differential equation (3) of the circuit illustrated in Figure  1 [1]- [3] .
( Figure 1 . Single-phase AC network with RL load
Solution of AC circuit using fixed phasors
Solving the differential equation (3) for a circuit with more than one mesh can be tedious. In order to avoid this, the differential equation (3) can be transformed into a related algebraic equation (7) by simultaneously solving the real differential and related imaginary equations as organized in (5), which is equivalent to (6) . 
Solving (3) is mathematically equivalent to solving the algebraic complex equation (7), which can be transformed as defined in (8) and (9) . Equation (9) is associated with the classical approach using fixed constant phasors [3] , [4] , while (8) for fixed and instantaneous phasors analysis respectively; thus, the solution of (9) Expression (12) can be interpreted by saying that the active and reactive powers are due respectively to the real and imaginary parts of the network current.
Solution of AC circuit using rotating phasors: New approach
In the previous analysis with fixed phasors, the supplied voltage 0 0 EE (10) is a real number and the related current (11) is a complex number. Similarly, the instantaneous solution can be developed from (8) using rotating phasors. In fact, (8) can be reformulated as defined in (13) (also called the rotating current phasor). As shown in section 3, in the rotating phasor reference frame, the supplied reference voltage is given by (15). The input reference voltage should necessarily be a real number as previously stated in the fixed-phasor analysis since it"s a control variable. In fact, the supplied voltage (15) pulsates only on the real axis at rad/s. As previously expressed in (12) for fixed phasors, the instantaneous complex apparent power is defined by (16) and the graphical explanation is given in Figure  5 . The instantaneous active (17) and reactive (18) powers are defined as real and imaginary parts of the apparent power (16) respectively. The instantaneous active and reactive powers obtained in (17) 
The new definition of the reactive (23) and complex apparent (24) powers seems mathematically more coherent and physically consistent than the common currently accepted theory.
Utilization of the new theory with elementary R, L and C loads
In this section, the new definitions of power in a steady-state single phase AC network are studied for each single elementary load (resistive, inductive and capacitive). The zero average reactive power given in (27) for a purely resistive load is close to the commonly accepted theory, which indicates a zero fluctuated reactive power for a purely resistive load. But, in this case () 2 qt exists and is a non-zero function even if its mean is null. This result reveals that a purely resistive load consumes an active average power and is also subjected to active and reactive fluctuated powers of frequency 2 . Figure 6 illustrates the active and reactive instantaneous power waveforms for a resistive load. The average reactive power Q is zero ( Figure 6 ). (24) Figure 7 . Instantaneous active and reactive powers following a purely inductive load
Case of purely resistive load (
As above for a resistive load, the zero average active power given in (29) for a purely inductive or capacitive load, is close to the common theory. In contrast to the theory developed in
exists and is a non-zero function even if its mean is null. This also points out that a purely inductive or capacitive load respectively consumes or delivers a reactive average power and is also subjected to active and reactive fluctuated powers of frequency 2 as given by (29) and (30), (Figures 7 and 8) . 
Instantaneous powers metering software
As an important step towards building instantaneous reactivepower metering equipment for teaching purposes, a numerical model illustrated by the block diagram in Fig. 16 was developed using Matlab/Simulink software. For model assessment, direct computation of analytical power formulas using Matlab programs was done for comparison with the Matlab/Simulink numerical model, as shown in Table1 where different power factor RLC series loads were chosen. Table 1 and Figure 10 clearly confirm the accuracy of the Matlab/Simulink numerical model. The small discrepancy observed between the analytical formulations and the Matlab/Simulink numerical results can be explained as internal solver approximations of the Matlab/Simulink software. A RLC load with a load angle 0 85.6 and the initial conditions given in Table 1 were used for the simulation results provided in Figure 10 . Figure 10 . Matlab/Simulink and analytical results
Student assessment
Steady-state analysis of AC electric circuits is part of the Electric Circuits course given in the first session after two years of general scientific and mathematical fundamentals to undergraduate students at the Department of Applied Sciences of "Université du Québec en Abitibi-Témiscamingue" in Québec, Canada. The proposed approach was taught to 15 of these students specializing in electromechanical engineering as a reminder of the second chapter in the Electro-technology course, in fall 2010. The students" reactions were generally very positive. They all said that their understanding of the AC power theory was much clearer and much improved. In order to have feedback useful for upgrading the proposed approach, the students were asked to fill out a questionnaire about the theoretical course and the simulation session. The questionnaire consisted of the twelve questions (six positive and six negative) listed in Table 2 . The possible answers are given in Table 3 while the results are given in Table 4 . The survey results are summarized in Fig.17 . The answers to Question 1 indicate that all students had been taught the instantaneous powers in AC circuits before but 12 out of the 15 claimed that what they learned was not clear. It"s also clear the students (14 students) make difference between the proposed and classical approaches. All students were generally satisfied (13 strongly agreed and 2 agreed) with the novel approach and the related numerical simulations provided with Matlab/Simulink tool. Another interesting finding was that all students suggested that changes should be made to the existing Electrical engineering courses. These changes would eliminate some of the redundancies of the same topic in the two different courses (Electric circuits and Electro-technology courses for example). The Frequency and cumulative percentage of students" answers are illustrated in Table 5 and Figure 11 .
Conclusion
The paper proposes a new approach and methodology for improving the definition and teaching of instantaneous powers in steady-state single-phase alternating-current (AC) networks. Its reliability is illustrated by the effectiveness of the results obtained for a few analytical simulation examples with elementary AC loads and by the positive answers and reactions to a questionnaire used as a student assessment. Finally, a physical prototype of instantaneous power metering system is now being built in order to enhance student intuition and help students gain a better understanding and consolidate their knowledge of power analysis of AC circuits.
